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Carboxypeptidase O (CPO) is a peptidase that is a member of the A/B subfamily of the
metallocarboxypeptidases. This peptidase has been found in the brush border of the intestine and
has specificity toward C-terminal acidic residues. CPO has been proposed to be involved in
intestinal digestion and the formation of lipid droplets. Four copies of the CPO gene are present
in the Xenopus tropicalis (tropical clawed frog) genome and are noted as CPO.1, CPO.2, CPO.3,
and CPO.4. Not much is known about these genes regarding their properties and functions. In my
research, I sought to investigate the properties and functions of these genes.
It was found that the predicted proteins of the four CPO genes from X. tropicalis have
different properties than human CPO, a well-studied CPO enzyme. Phylogenetic analyses
showed that CPO.3 is most likely the most ancient gene of the four CPO genes of X. tropicalis.
Western blotting analyses showed that all of the CPO genes from X. tropicalis were translated
into proteins with CPO.2 being the least expressed of the four genes. Carboxypeptidase assays
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were done on the protein samples obtained from HEK293T cells that were transfected with the
CPO plasmids. No enzymatic activity was detected for any protein sample.
Human CPO has been documented to be found in the endoplasmic reticulum, however
not much is known about the subcellular localization of the four CPO gene products from X.
tropicalis. To determine the subcellular localization of each CPO protein, immunofluorescence
microscopy was done on HEK293T cells that were transfected with both human CPO and X.
tropicalis CPO plasmids. It was found that the X. tropicalis CPO proteins had similar distribution
to proteins that were found in the endoplasmic reticulum and were distributed on average in
puncta that resembled lipid droplets.
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CHAPTER 1

INTRODUCTION

1. Gene Duplication
Gene duplication is an event that results in multiple copies of a gene or region of a
chromosome. This event is likely responsible for the existence of the carboxypeptidase family of
enzymes that are the focus of this thesis (Isoe et al., 2009; Reynolds et al., 1992). This
phenomenon is prevalent in various organisms and can occur due to ectopic recombination,
retroposition, chromosomal rearrangements such as aneuploidy or polyploidy, and unequal
crossing over (Zhang, 2003).
Ectopic recombination is an abnormal form of recombination that occurs between
dispersed non-homologous sequences or heterozygous alleles at different locations on
chromosomes (Montgomery et al., 2007). This event can happen during the division of cells in
mitosis and meiosis but is more prevalent in meiosis due to the exchange of genetic material
between non-sister chromatids which produces a new combination of alleles (Montgomery et al.,
1991). Ectopic recombination has been observed in the Saccharomyces cerevisiae leu2 gene.
The leu2 gene was found to be located at different genetic loci such as his4, mat, and ura3 which
is consistent with reciprocal translocation (Haber & Leung, 1996; Lichten & Haber, 1989).
Retroposition is the creation of DNA sequences from RNAs with or without an
intermediate (Wang et al., 2006). The genetic elements that mediate this mechanism are known
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as transposable elements. These elements can create mutations that change a cell’s or an
organism’s phenotype (Arthur, 2017). There are two types of transposable elements,
retrotransposons (class I transposable elements) and DNA transposons (class II transposable
elements) (Arthur, 2017). Retrotransposons convert RNA to DNA using an RNA intermediate
(Dombroski et al., 1994). Retrotransposons are classified into two classes: long terminal repeats
(LTR) and non-long terminal repeats (Xiong & Eickbush, 1990). A long terminal repeat is a pair
of similar DNA sequences on both ends of a gene that creates a retrotransposon in a eukaryotic
genome. A retrotransposon is transcribed into RNA by RNA polymerase II which is then reverse
transcribed into cDNA with the aid of reverse transcriptase. Lastly, the double-strand DNA is
inserted into the host genome with the aid of integrase (Havecker et al., 2004). Non-long
terminal repeats (LINES, SINEs, and PolyA) are DNA sequences that do not have repeating
sequences at their terminal ends and are transcribed into an mRNA by RNA polymerase II (Han,
2010). The mRNA sequence is transcribed into cDNA which is inserted into the target site with
the aid of DNA integrase and ligase (Fillingham et al., 2004). These elements have been found in
a wide range of species such as protozoa, fungi, plants, and animals. They can be found at
various sites within a genome and their length varies (Han, 2010).
DNA transposons are gene sequences that insert themselves into different regions within
the genome through a DNA intermediate (Wicker et al., 2007). The traditional method DNA
transposons move around in the genome using a “cut and paste” mechanism. In this method, the
transposon has a DNA sequence called a terminal inverted repeat on each end and codes for an
enzyme named transposase that binds to the terminal inverted repeats and cuts the transposon.
The transposase guides the transposon into the target site through the recognition of the terminal
inverted repeats and the specific sequence of the target site (Munoz-Lopez & Garcia-Perez,
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2010). The addition of the DNA sequence into the new region results in gaps at the terminal ends
of the inserted segment (Madigan, 2018). These gaps are often repaired through elongation of the
target strands by DNA polymerase and ligase which results in duplication of the target site
(Feschotte & Pritham, 2007; Munoz-Lopez & Garcia-Perez, 2010).
Aneuploidy or polyploidy occurs when organisms have an abnormal number of
chromosomes. Generally, an aneuploid set of chromosomes has less than a complete set of
chromosomes (Griffiths A.J.F, 2000). Polyploids are the result of unreduced gametes with a
complete set of duplicated chromosomes that fuse with other gametes to give rise to an organism
with more than a complete set of chromosomes (Wang et al., 2019). Aneuploidy and polyploidy
occur due to errors in the separation of chromosomes or nondisjunction. These mechanisms
occur during the stages of anaphase in mitosis, meiosis I, and meiosis II due to the failure of
homologous chromosomes to separate causing chromosomes to be pulled to a single pole of the
cell (Griffiths A.J.F, 2000). Nondisjunction can also occur due to the inactivation of specific
enzymes such as topoisomerase, condensin, and separase, which are important for proper
chromosome segregation (Quevedo et al., 2012). In humans, aneuploidy gives rise to disorders
such as Down syndrome, Klinefelter syndrome, and Patau Syndrome (Griffiths A.J.F, 2000).
Polyploidy is more common in plants than animals and is advantageous for hybrid vigor by
preventing the accumulation of recessive alleles, diversifying gene functions, and disruption of
self-incompatibility. Polyploidy can be disadvantageous by increasing spindle irregularities that
can result in chaos during chromosomal segregation and changes in gene expression
(Woodhouse, 2009).
Unequal crossing over or illegitimate recombination refers to the recombination that
occurs between two nonequivalent sequences at a nonidentical site on chromosomes (Graur,
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2000). This mechanism often occurs during the pachytene stage of meiosis, and sometimes
during mitosis, between misaligned chromatids on homologous chromosomes (Mercer, 2013).
Unequal crossing over is believed to be the most probable cause for mutations in the genome and
the main cause for regional gene duplication (Graur, 2000). This mechanism can lead to an
imbalance in the genome through the addition of extrachromosomal regions which can result in
phenotypic abnormalities (Lupski, 1998).
Duplicated genes can have multiple potential fates. First, the duplicate gene may
accumulate mutations and become a pseudogene that is eventually lost from the genome or
becomes unidentifiable through divergence from the parental gene. Second, a gene duplication
may be beneficial due to increased expression of protein or RNA products, as noted in strongly
expressed genes such as those encoding rRNAs and histones (J. Z. Zhang, 2003). Third,
duplicate copies of a gene can be maintained with different functions, a phenomenon known as
subfunctionalization. In this case, the daughter gene or duplicate gene adopts a lesser function
from the parental gene which can result in functional specialization where one of the duplicate
genes has better performance relative to the original function of the progenitor gene (Zhang,
2003). Finally, gene duplication may provide the raw material for the synthesis of genes with
new functions, through the accumulation of mutations that result in differing amino acid
sequences. For example, the genes for eosinophil-derived neurotoxin (EDN) and eosinophil
cationic protein (ECP) are thought to have been generated through gene duplication (J. Zhang,
Rosenberg, & Nei, 1998). In many cases, a related function rather than a novel one emerges after
the duplication of a gene (Zhang, 2003).
An example of genes that arise due to duplication is the Adam gene family. These genes
are found in a variety of organisms such as nematodes, fission yeast, humans, and mice
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(Bahudhanapati et al., 2015; Edwards et al., 2008). These genes are translated into proteins that
are important for cell adhesion, cell signaling, and fertilization (Edwards et al., 2008; Groot &
Vooijs, 2012). It has been estimated that there are 34 Adam genes in mice and 27 in humans. It
has been concluded that these genes are most likely derived from an ancestral Adam9-like gene
that had undergone duplication (Bahudhanapati et al., 2015). Another example of gene
duplication can be seen in the metallocarboxypeptidase gene family. This class of peptidases
consists of 25 members and is involved in various physiological functions such as digestion,
blood coagulation, inflammation, and neuropeptide processing (Covaleda et al., 2019; Lyons &
Fricker, 2011). These enzymes consist of 300-400 amino acids and share 15-25% in sequence
similarity (Wei et al., 2002). Their active sites contain a high degree of similarity at the amino
acid level (de la Vega et al., 2007).

2. Peptidases
Peptidases are enzymes that are responsible for the cleavage of peptide bonds and are
important for various physiological processes such as digestion, cellular communication, and
regulation of the activity of neuropeptides. The name of the process that peptidases use to cleave
peptide bonds is termed proteolysis and is carried out through the addition of water molecules,
that is, by hydrolysis (King et al., 2014). This process functions in the breaking of proteins into
smaller molecules and is useful for food digestion and the regulation of metabolic pathways.
Peptidases play a major role in hydrolyzing and regulating the activity of polypeptides
(Moyes & Schulte, 2008). One of the main purposes of digestion is to process polypeptides or
proteins for absorption by the small intestine and provide nutrients to the body. For nutrients to
be absorbed by the small intestine they have to be processed through the removal of amino acids
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from the N or C-termini of proteins by aminopeptidases and carboxypeptidases (Moyes &
Schulte, 2008). Without these peptidases, the digestive system would not properly breakdown or
absorb proteins.
Peptidases are also important for the regulation of cellular communication
communication. Multiple reports have shown that a class of peptidases known as the caspases is
involved in the regulation of the cell death pathway and inflammation (Shalini et al., 2015).
These peptidases induce apoptosis through a cascade of signaling events. In these events, the
caspases activate other proteins to stimulate the fate of the cells. For example, in the intrinsic
apoptosis pathway, protein signals trigger procaspase 9 that triggers caspase cascades that
activate caspase 3 and 7 that cause the death of cells (McIlwain et al., 2015). Another example is
in the pyroptosis pathway, Pathogen-associated molecular patterns (PAMPs) trigger a
multiprotein oligomer known as the inflammasome that triggers caspase 1 which eventually
leads to inflammation (Man & Kanneganti, 2016).
Peptidases are vital in the regulation of neuropeptides that serve as neurotransmitters and
modulators in the central and peripheral nervous systems. For example, enkephalins are
neuropeptides that are produced in the brain which serve as regulators of painful stimuli.
Production of these peptides requires the processing of proenkephalins which is done by
peptidases such as prohormone convertases 1 and 2 as well as carboxypeptidase E (Henry et al.,
2017). These peptidases process the peptides by removing a chain of amino acids from the
precursor peptides to aid them in adopting their mature and active form. Signal peptidase is a
peptidase that is involved in processing numerous proteins throughout the body by removing
their signal peptides. This peptidase is vital for the processing of neuropeptides; for example, this
peptidase is involved in processing oxytocin by cleaving the signal peptide of pre-prooxytocin at
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the N-terminus which is further processed by prohormone convertase, as well as
carboxypeptidase E to its mature form (Mitchell et al., 1998; Sheldrick & Flint, 1989).

b. Mechanisms of hydrolysis by peptidases
Enzymes perform various chemical reactions such as oxidation-reduction, group transfer,
joining of molecules, as well as hydrolysis. Some of the enzymes which perform hydrolysis are
serine peptidases, cysteine peptidases, and metallopeptidases. In serine peptidases, a serine
amino acid in the active site causes a nucleophilic attack against the peptide bond of the substrate
forming a tetrahedral intermediate with the help of a histidine amino acid (Klein et al., 2018).
Water then attacks the carbonyl bond of the tetrahedral intermediate and replaces the N-terminus
of the substrate. Lastly, the histidine donates a proton to the carbonyl carbon which results in the
release of the C-terminal peptide substrate (Klein et al., 2018). The cleavage mechanism of
cysteine peptidases involves a nucleophilic attack by the side chain of a cysteine amino acid in
the active site against the targeted peptide resulting in a tetrahedral intermediate (Klein et al.,
2018). The stability of the intermediate is maintained through the oxyanion hole of the enzyme.
A proton is transferred to the amide nitrogen of the substrate peptide bond causing the Cterminal end of the substrate to split (Klein et al., 2018). Next, a polarized water molecule attacks
the carbonyl carbon of the thioester-bonded acyl-enzyme complex to create a second tetrahedral
intermediate that disintegrates the N-terminal portion of the substrate (Klein et al., 2018). In
metallopeptidases, the active-site water moves toward glutamate while its oxygen atom remains
attached to the metal ion. Also, the carbonyl of the peptide bond of the substrate interacts with a
zinc ion (Klein et al., 2018). The glutamate in the active site removes a proton from the water
molecule which performs a nucleophilic attack on the carbonyl bond of the substrate leading to
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the splitting and formation of a gem-diol intermediate. Lastly, protonation of the amide product
by glutamate leads to the release of the C-terminal pieces of the substrate (Klein et al., 2018).

3. Endopeptidases and Exopeptidases
Peptidases can be classified by their functions into two classes: endopeptidases or
exopeptidases. Endopeptidases are enzymes that cleave peptide bonds within or near the center
of polypeptide chains (Barrett, 1994). Some examples of endopeptidases are trypsin,
chymotrypsin, and pepsin. Trypsin cleaves the peptide bond of proteins that aid in digestion by
hydrolyzing at the C-terminal end of lysine and arginine amino acids. If a proline is located on
the C-terminal end of the lysine or arginine the cleavage will not occur (Olsen et al., 2004).
Chymotrypsin hydrolyzes peptide bonds from the C-terminal end of large hydrophobic residues
such as tryptophan, phenylalanine, and methionine (Szabo & Sahin-Toth, 2012). Pepsin is an
enzyme that is found mainly in the small intestine. Pepsin cleaves adjacent to amino acids such
as phenylalanine, leucine and methionine, tyrosine, and tryptophan (Hamuro et al., 2008).
However, if positively charged amino acids such as lysine, histidine, and arginine are at the
cleavage position, the enzyme will not cleave the polypeptide (Hamuro et al., 2008).
Exopeptidases are enzymes that are responsible for splitting polypeptides at their terminal
end. Examples of exopeptidases include aminopeptidases and carboxypeptidases (Rawlings et
al., 2010). Aminopeptidases cleave amino acids at the N-terminal ends of polypeptides (Taylor,
1993). They are widely found throughout the plant and animal kingdoms. Aminopeptidases are
necessary for the maturation and stability of proteins because they remove N-terminal
methionine from nascent proteins that expose certain residues which allow pro-N-degron to be
converted to N-degron which is a destabilizing unit that marks a certain region of a protein for
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degradation (Tasaki et al., 2012; Taylor, 1993; Varshavsky, 2019). Carboxypeptidases remove
amino acids at the C-termini of proteins or polypeptides through hydrolysis (Reznik & Fricker,
2001; Wei et al., 2002). Carboxypeptidases use serine and zinc in their active site to cleave the
C-termini of proteins. The carboxypeptidases that utilize zinc in their active site are known as
metallocarboxypeptidases (Reznik & Fricker, 2001). Metallocarboxypeptidases function in
various physiological processes ranging from the regulation of blood fibrinolysis to the
maturation of hormones and processing of dietary proteins and have been found in diverse
organisms such as bacteria, humans, and plants (Reznik & Fricker, 2001; Wei et al., 2002).

4. Metallocarboxypeptidases and subfamilies
The metallocarboxypeptidases are divided into three subfamilies, the N/E, cytosolic
carboxypeptidases (CCP), and the A/B subfamily based on their amino acid sequences and
domain structure (Kalinina et al., 2007; Wei et al., 2002). Metallocarboxypeptidases contain
several domains and sometimes include a prodomain, a region at the N-terminus of enzymes that
inhibits activity until its removal and facilitates folding needed for proper structures (Wei et al.,
2002). The N/E subfamily was named after the first two metallocarboxypeptidases that were
found in this subfamily, CPN, and CPE (Sapio & Fricker, 2014; Wei et al., 2002). Members of
this subfamily have multiple domains but most lack a prodomain, although CPE contains a short
prodomain that has no known function (Wei et al., 2002). Members of the N/E family contain a
transthyretin-like domain at the C-termini. This domain folds in a beta-rich structure and is
believed to be important in protein folding (Sapio & Fricker, 2014). The cytosolic
carboxypeptidase (CCP) subfamily is found in the nucleus and cytosol of cells and some
members in this family are involved in the modification of tubulin (Kalinina et al., 2007; Sapio
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& Fricker, 2014). These enzymes also lack a prodomain but contain an N-terminal domain that is
highly conserved among its members (Kalinina et al., 2007). This domain does not need to be
cleaved for the enzymes in this subfamily to be active.

5. A/B subfamily
The A/B subfamily is the third subfamily of the metallocarboxypeptidases. This
subfamily was named after its first two known enzymes, CPA and CPB (Wei et al., 2002). These
enzymes function in processing polypeptides to be absorbed by the small intestine. CPA cleaves
aromatic and aliphatic amino acids at the C-termini of polypeptides while CPB cleaves basic
amino acids (Sapio & Fricker, 2014; Wei et al., 2002). The activation of most enzymes in this
subfamily requires the removal of the prodomain through various endopeptidase cleavages
(Sapio & Fricker, 2014; Wei et al., 2002). The prodomain sequence in the A/B subfamily is
usually cleaved by trypsin or chymotrypsin to render them active for protein digestion activity.
Previous studies of the A/B subfamily showed that members of this subfamily exhibited
specificity toward basic or hydrophobic C-terminal amino acids, although enzymes such as
CPA1 and CPB can collectively release a wide range of amino acids that are absorbed in the
intestine (Garcia-Guerrero et al., 2018; Lyons & Fricker, 2011).

6. Carboxypeptidase O (CPO)
Researchers had thought that metallocarboxypeptidases were unable to release acidic
amino acids such as aspartate and glutamate which are abundant in alimentary proteins (Lyons &
Fricker, 2011). However, a new member of the A/B subfamily of carboxypeptidases has been
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found on the brush border of the intestine which cleaves C-terminal acidic amino acids (Lyons &
Fricker, 2011). Its substrate specificity for acidic amino acids was predicted due to the presence
of arginine at the 255 position in its active site. This arginine is important for the function of the
enzyme as it creates a positively charged surface for its interaction with acidic amino acids
(Garcia-Guerrero et al., 2018). This enzyme is termed carboxypeptidase O (CPO) (Wei et al.,
2002). The initial finding shows that this enzyme lacks a prodomain means that it is either
always active or is regulated in another fashion (Lyons & Fricker, 2011; Wei et al., 2002).
Researchers have hypothesized that CPO is involved in intestinal digestion, folate
processing, and/or lipid absorption. It has been hypothesized to be involved in intestinal
digestion because it is expressed in both human and zebrafish intestinal epithelial cells (Lyons &
Fricker, 2011). CPO may be involved in folate processing because folate has to be processed for
intestinal digestion through the cleavage of glutamate, an acidic amino acid, before absorption by
the small intestine (Milman, 2012; Thaler, 2014). CPO has been hypothesized to be involved in
lipid absorption because there is a greater number of lipid droplets in cells expressing CPO than
in those not expressing CPO (Burke et al., 2018).
Although CPO lacks a prodomain, this enzyme has an ER signal peptide and a GPI signal
peptide (Lyons & Fricker, 2011; Wei et al., 2002). An ER signal peptide is a sequence of 16-30
amino acids located at the N-terminus of the protein that helps guide a nascent protein to the
endoplasmic reticulum for translation. (Akopian et al., 2013; Hatsuzawa et al., 1997). A GPI
signal is a signal that is attached to the C-terminus of proteins. After translation of the protein
this signal is recognized, cleaved by a transamidase complex through a transamidase reaction,
and a preassembled GPI anchor is added. Then, it is further modified in the ER and Golgi
apparatus through the cleavage of mannose-linked phosphoethanolamine and inositol-linked acyl
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chain, as well as the remodeling of fatty acid by replacing unsaturated fatty acids with saturated
fatty acids (Kinoshita, 2016). A GPI anchor can be released by the action of phospholipase C
through cleavage of the phosphodiester bond of phosphatidylinositol. When the GPI-anchored
protein is completed and matured it’s transported to the surface of the cell (Kinoshita, 2016). The
functions of GPI anchors include lipid raft partitioning, signal transduction, cellular
communication as well as apical membrane targeting since GPI anchors are delivered to the
apical membrane which functions in directional cell migration and delivery of signals (Kinoshita,
2016; Paladino et al., 2006; Paulick & Bertozzi, 2008).

7. CPO duplication in Xenopus tropicalis
A genome search has indicated that the CPO gene is duplicated in various organisms such
as the zebra mbuna, Ballan wrasse, Atlantic herring, and zig-zag eel. I have discovered an
example of CPO gene duplication in the tropical clawed frog (Xenopus tropicalis). Four CPO
gene copies are present on the ninth chromosome of the tropical clawed frog (X. tropicalis).
These genes most likely arose due to unequal crossing over because they are found on the same
chromosome. These genes are formally known as CPO.1, CPO.2, CPO.3, and CPO.4. The goal
of my research was to investigate the function of the four CPO genes in X. tropicalis.
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CHAPTER 2

METHODS

1. Gene analysis
CPO genes were located using Ensembl, Xenbase, and NCBI databases. To determine if
the genes were likely to have an ER signal and follow the secretory pathway, the SignalP-5.0
website was used. The PredGPI website was used to determine if the predicted proteins would
contain a GPI anchor. This website used the false positive rate (FPR) to determine the probability
of a protein containing a GPI anchor. If the FPR rate prediction was less (>) than 0.001 it is
highly probable, but if it is less (>) than 0.005 it is probable. Since we know that residue 255 in
bovine CPA is the amino acid that determines the substrate specificity of the protein, an
alignment was done using Jalview between the predicted proteins and bovine CPA1 to determine
the substrate specificity of each predicted protein (Garcia-Guerrero et al., 2018). cDNA
sequences, including a sequence encoding an HA-tag, were sent to Twist Bioscience (San
Francisco, CA) to create the plasmids expressing the CPO cDNAs (Appendix A). Each CPO
cDNA was inserted into a plasmid known as pTwist CMV WRPE NEO that was ampicillinresistant (Appendix B). To determine which of the Xenopus genes was the original gene from
which the other three genes could have originated from, a phylogenetic analysis was performed.
The four predicted protein sequences of the Xenopus tropicalis, Xenopus tropicalis CPA1
sequence, as well as human CPA1 sequence, were compared using the EMBL-EMI website
Clustal Omega program and the Nexus output format. The alignment file was downloaded and
saved in text format. A phylogenetic tree was obtained through the software known as
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Dendroscope. Furthermore, a genome comparison was done between the 9th chromosomes of X.
tropicalis and chromosomes from amniotes using the Genomicus database.

2. Bacterial transformation
Plasmids from Twist Bioscience were dissolved in EB buffer (10 mM Tris-Cl, pH 8.5) to
100 ng/μl and then diluted to 5 ng/μl. Two microliters of each plasmid were added to 20 μl
DH5α competent cells. No plasmid DNA was added to the negative control sample. The samples
were mixed, put on ice for 30 minutes, and heat-shocked for 40 seconds at 42°C. After a 5
minutes incubation on ice, 120 μl of sterile Luria Broth (LB) were added. The samples were
spread on LB/ampicillin plates, containing 100 μg/ml of ampicillin, which were incubated at
37°C. The plates were inspected for the growth of colonies 16-19 hours after plating.

3. Plasmid preparation
One transformed bacterial colony was added to 3 ml LB broth containing 100 μg/ml
ampicillin in a 15 ml culture tube. Bacterial cultures were incubated at 37°C with shaking at a
speed of 300 rpm for 10 hours. Three hundred microliters of culture were added to a 500 ml
Erlenmeyer flask containing100 ml of LB broth with 100 μg/ml ampicillin and incubated at
37°C with shaking at a speed of 200 rpm for 7 hours. Cells were then collected from the cultures
via centrifugation at 0°C at 5000 rpm for 5 minutes. The liquids were discarded and the pellets
were kept. Two milliliters of Extraction buffer (5% sucrose, 50 mM EDTA, 50 mM Tris pH 8.0,
0.75 M NH4 Cl, 0.5% Triton X-100,100 µg/ml lysozyme, 25 µg/ml RNase A) were added to each
cell pellet and incubated at 65°C for 8 minutes. The cell lysate was transferred to 2 ml tubes,
centrifuged at 15,000 rpm for 15 minutes, and the supernatants were transferred to 15 ml culture
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tubes. Isopropanol (4.2 ml) was added to supernatants in each 15 ml culture tube, transferred to 2
ml tubes, and centrifuged at 7,000 rpm for 10 minutes. Supernatants were discarded and 200 μl
ethanol was added. The tubes were centrifuged for 10 minutes at 15,000 rpm. Lastly,
supernatants were discarded and plasmid DNA dissolved in 200 μl of EB (10 mM Tris-Cl, pH 8.)
and stored at -20°C.

4. DNA quantification
Spectrophotometry was used to calculate the concentration and purity of plasmid DNA
isolated from E. coli using the ratio of absorbance at 260 nm and 280 nm (A260/A280). For
each sample, 2 μl of template DNA and 200 μl of sterilized water (ddH2O) were mixed in a UV
compatible cuvette, and absorbance was measured. To find the quantity of DNA, the absorbance
at 260 nm was multiplied by 50 ng/μl and 100 (dilution factor).
DNA isolated from E. coli was visualized on a 0.8% agarose gel. Each sample loaded
contained 1 μl template DNA and 2 μl loading buffer. An image of the gel was taken using a UV
transilluminator. The quantification of the DNA was done by comparison to the marker lane
(Generuler 1 kb).

5. Maintenance of HEK293T cells
HEK293T cells were grown at 37°C with 5% carbon dioxide and maintained in
Dulbecco’s Modified Eagle Medium containing 10% Fetal Bovine Serum (DMEM; Sigma
Aldrich) and 1% penicillin-streptomycin. The cells were trypsinized and split 1:20 when 80-90%
confluency was reached. To trypsinize the cells, the media was removed and the cells were
washed with Phosphate Buffered Saline (PBS; Sigma Aldrich) and trypsin was added and
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incubated for 3 minutes. The cells were resuspended in fresh media (DMEM) and 0.5 ml of
media containing the cells were added to a new plate with 10 ml of fresh media.

6. Transfection of HEK293T cells
Twenty-four hours prior to transfection, 1.5 X 106 HEK293T cells were added to a 60
mm plate in 4 ml of Dulbecco’s Modified Eagle Medium containing 10% Fetal Bovine Serum
(Sigma Aldrich). Five hundred microliters of serum-free DMEM containing 5 μg of plasmid
DNA and 15 μl of polyethyleneimine (PEI) were mixed thoroughly and allowed to incubate for
15 minutes at room temperature prior to transfer to the HEK293T cells. The cells were incubated
at 37°C and 5% CO2 for 48 hours.

7. Harvesting cell Extracts
Cells were resuspended in media by pipetting and transferred to a 2 ml tube. The tubes
were spun at 5,000 rpm for 2 minutes and one milliliter of cell-free media from each tube were
transferred to a new tube and stored. Two milliliters of cold PBS were added to each tube and
pellets were resuspended through pipetting and vortexing. The tubes were spun at 5,000 rpm for
2 minutes. The supernatants were removed and 600 μl cold lysis buffer containing 150 mM
NaCl, 20 mM Tris PH 7.5-8.0, 33 μl of protease inhibitor (Protease Inhibitor Cocktail III
(mammalian) from RPI), and 1% NP40, (no protease inhibitor was added for cells that were
about to be digested with trypsin) was added to the pellets. The mixture in each tube was
resuspended using a pipet and passed through a 22G1/2 needle 10 times. The samples were
centrifuged at 15,000 rpm for 5 minutes. After centrifugation, the supernatant (containing the cell
extracts) was transferred to a new tube. All samples were stored at -20°C.
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8. Bradford Assay
Protein quantities in cell extracts were measured using the Bradford Assay with Bovine
Serum Albumin (BSA) (100-1000 ng/ul) as the standard. Two hundred microliters of BioRad
Protein Assay dye were added to all sample volumes of 795 ul. The absorption of each sample at
595 nm in a spectrophotometer was determined after 15 minutes.. The data was used to create a
standard curve to determine the concentration of protein in each sample.

9. Trypsin Digest
Two microliters of porcine pancreas trypsin (7 mg/ml; Sigma Aldrich) were added to 100
μl of each harvested cell extract. Twenty microliters of solution were removed after 2 minutes
and 10 minutes, and 1 μl of phenylmethylsulfonyl fluoride (100 mM in isopropanol) was added
to inhibit the action of trypsin. This same digestion was performed using diluted (1:10 and 1:100
in water) trypsin.

10. Western blotting
Samples for western blotting were prepared by mixing 20 μl of protein cell extracts or
transfected media with 5 μl of 5x sample buffer ((100 μl 6X SDS-PAGE sample buffer (0.5 M
Tris, pH 6.8, 30% glycerol, 0.1 g/ml SDS, 0.12 mg/ml bromophenol blue)) and 20 μl of 1M
DTT). Each sample was heated for 45 seconds at 95°C and 20-25 μl were loaded on a 10% SDSPAGE gel and electrophoresed at 160V for 70 minutes. After electrophoresis the gel was
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incubated in 1x transfer buffer (0.2501 M Tris base, 1.924 M glycine, 0.03467 M SDS, 100 ml
methanol (MeOH), 800 ml ddH2O) and transferred for 60 minutes at 100V onto a nitrocellulose
membrane followed by blocking in a solution of 5% nonfat milk in 1X TBST (Tris-buffered
saline with 0.1% Tween 20). The nitrocellulose membrane was then incubated with mouse HAtag (6E2) (Cell Signaling Technology; 1:1000 dilution) primary antibody. The nitrocellulose
membrane was then briefly rinsed with 1X TBST to remove unbound antibodies followed by one
wash for 15 minutes followed by two 5 minute washes. The nitrocellulose membrane was then
treated with HRP-conjugated anti-mouse IgG (Cell Signaling Technology; 1:2000 dilution)
secondary antibody and washed as described previously. The nitrocellulose membrane was
treated for 1 minute with Lumi-GLO chemiluminescent reagents (Cell Signaling Technology)
prepared according to manufacturer instructions and exposed to x-ray film followed by manual
film development.

11. Carboxypeptidase assay
Twenty microliters of protein sample were incubated with 100 μl of appropriate
carboxypeptidase substrate (furylacryloyl (FA) peptides: 0.5 mM FA-EE, 0.5 mM FA-FF, or 0.5
mM FA-FA) in three replicates in a 96 well plate at 37°C for 30 minutes. A negative control
was also used to compare the activity of the experimental groups with protein cell extract that
were not transfected with the CPO plasmids. The absorption at 340nm was measured throughout
this incubation time using a spectrophotometer.
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12. Immunocytochemistry
Coverslips were incubated with poly-D-lysine in PBS (1mg/ml) for 40 minutes, washed
with sterile water, and dried under UV light for 1 hour. HEK293T cells were added at a density
of 2.5x105 cells/well in a 6 well plate containing poly-D-lysine coverslips. The cells were
washed with PBS 3 times when they reached 60-70% confluency and fixed with 4%
paraformaldehyde for 10 minutes at room temperature. The cells were then washed with PBS 3
times for 5 minutes/wash, permeabilized with 0.1% Triton X-100 in PBS for 15 minutes
followed by washing with PBS 3 times for 5 minutes and blocking with 5% BSA for 45 minutes.
The primary antibodies RP3-CPO (Triple Point Biologics- Pacific Grove, OR) and mouse HAtag (6E2; Cell signaling Technology- Danvers, MA) were added to the coverslips at a 1:1000
dilution in 5% BSA in PBS; and incubated for 1 hour. After washing 3 times for 5 minutes with
PBS, secondary antibodies anti-rabbit Alexafluor 555 and anti-mouse Alexafluor 488 (Cell
Signaling Technology, 1:1000 dilution) were added to the coverslips and incubated 1 hour. The
cells on the coverslips were then washed 3 times for 5 minutes/wash and then inverted on a drop
of 8 or 15 μl of aqueous mounting medium (PBS containing 1 mg/ml of p-phenylenediamine
with 0.1 μg/ml of DAPI on a glass microscope slide. Nail polish was added to the corner of each
slide to prevent drying of the cells. The slides were allowed to dry in a cool, dark place for 7-8
hours and stored at 4°C. To investigate the subcellular localization of the protein, images of the
cells were taken using a fluorescent microscope using oil immersion lens (1000x). The
immunofluorescence procedure was performed twice. Red fluorescence was collected with an
excitation filter (EX) of 560/40, barrier filter (BA) of 630/75, and a dichroic mirror (DM) of 585.
The blue fluorescence was collected with an excitation filter of 470/40, barrier filter (BA) of
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525/50, and a dichroic mirror (DM) of 495. The green fluorescence was collected with an
excitation filter of 360/40, barrier filter (BA) of 460/50, and a dichroic mirror (DM) of 400.
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CHAPTER 3

RESULTS

1. Compilation of CPO from Xenopus
The CPO genes of Xenopus tropicalis were obtained from the Ensembl, Xenbase, and
NCBI databases. All of the four CPO genes were found on the 9th chromosome of X. tropicalis
and were noted as CPO.1, CPO.2, CPO.3, and CPO.4 (Table 1). The four CPO genes were also
found on Chromosome 9_10L of Xenopus laevis and noted as CPO.1L, CPO.2L, CPO.3L, and
CPO.4L (Table 2).
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Table 1. Xenopus tropicalis CPO genes from chromosome 9
Names of
CPO genes

CPO.1

CPO.2

CPO.3

CPO.4

Chromosomal
locations

Chr09:
41,154,265…
41,168,087

Chr09:
41,132,231…
41,147,649

Chr09:
41,970,042…
42,007,265

Chr09:
41,107,756…
41,125,999

Number of
13.822
Kilobase pairs

15.418

37.223

18.243

mRNA coding
ID

XM_0180970
42.1

XM_0029371
11.3

XM_0180976
44.1

XM_0180973
54.1

Protein ID

XP_03174836 XP_00293715 KAE8580175. XP_01795284
8.1
7
1
3.2

Table 2. Xenopus laevis CPO genes from chromosome 9
Names of CPO
genes
Chromosomal
locations

Number of
kilobase pairs
mRNA coding
ID
Protein ID

CPO.1L

CPO.2L

CPO.3L

CPO.4L

Chr09_10L:

Chr09_10L:

Chr09_10L:

Chr09_10L:

81,855,646...
81,872,444

81,878,986…
81,900,823

81,079,512…
81,137,680

81,906,426…
81,926,785

16.798

21.837

58.168

20.359

NM_001093
836.1

NM_0182368
80.1

XM_0182361
99.1

XM_0182368
80.1

XP_0317483
68.1

XP_00293715 KAE8580175. XP_01795284
7
1
3.2
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Concerning X. tropicalis, the genes were located between 41 and 42 kilobases (Kb) pairs
on the 9th chromosomes and CPO.1, CPO.2 and CPO.4 were between 13 to 18 Kb pairs in length
in contrast to CPO.3 which was 37.2 Kb in length. In terms of gene order on chromosome #9
CPO.4 is the first CPO gene followed by CPO.2, CPO.1, and CPO.3 (Fig. 1a). The four CPO
genes were found on chromosome 9_10L of X. laevis around 81 Kb pairs. The longest gene was
CPO.3L which was around 58 Kb. The other CPO genes were between 16-20 Kb in length. The
CPO genes in X. laevis genes were found in reverse order in comparison to X. tropicalis which is
most likely due to intrachromosomal rearrangement in X. laevis (Fig. 1b).
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A)

10 Kb

B)

20 Kb

Figure 1. Gene synteny of CPO genes from X. tropicalis and X. laevis. a) CPO genes located on
the 9th chromosomes of X. tropicalis. The scale bar at the bottom represent 10 Kb per centimeter for
each gene. The line between each gene represents the region in the chromosome that contained other
genes that are not represented and is not to scale with the scale bar. b) CPO genes located on
chromosome 9_10L of X. laevis. Each rectangle represents a CPO gene. The scale bar at the bottom
represent 20 Kb per centimeter for each gene. The line between each gene represents the region in the
chromosome that contained other genes that are not represented and is not to scale with the scale bar.
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2. Phylogenetic analysis and synteny analysis
To find the most ancestral CPO gene from which the other three could have derived, an
alignment and a phylogenetic tree were created using the program Clustal Omega from the
European Bioinformatics Institute (EBI) website and presented using Dendroscope computer
software comparing the four CPO genes from X. tropicalis, human CPO, X. tropicalis CPA1, and
human CPA1 (Fig. 2). This analysis suggests that all of the CPO proteins including human CPO
are related and share a common ancestry. Among the X. tropicalis proteins, CPO.4 and CPO.2
were the most closely related because they are branched from the same node. From the
phylogenetic analysis, it appears that a common CPO gene was duplicated to give rise to two
CPO genes. One of these genes was the ancestor of CPO.4, CPO.2, CPO.1, and the other the
ancestor of CPO.3 and human CPO. From the first group, it can be concluded that one of the
genes which encoded the protein diverged and gave rise to CPO.1 and another protein. The other
protein further diverged to give rise to CPO.4 and CPO.2. From the second group, CPO.3 and
human CPO appear to share a common ancestor which diverged and give rise to both proteins.
The other proteins such as human CPA1 and X. tropicalis CPA1 were closely related to each
other and seem to share a common ancestor. The most interesting finding from the phylogenetic
tree was the fact that CPO.3 is closely related to human CPO, the first CPO characterized. This
evidence suggests that CPO.3 could be the progenitor CPO gene. Furthermore, an analysis was
done using the Genomicus database comparing the synteny of the 9th chromosome of X.
tropicalis with the same genes found in all amniotes (Fig. 3). The only X. tropicalis CPO gene
that shared synteny with other amniotes was CPO.3. This evidence strengthens the hypothesis
that CPO.3 is the most ancient CPO gene in X. tropicalis.
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Figure 2. Phylogenetic analysis of X. tropicalis CPO proteins with human CPO protein,
X. tropicalis CPA1 and human CPA1. The blue circle at each node represents the progenitor gene
that diverged to bring forth other genes. Groupings are indicated by rectangles. Each line or
branch leading to a new protein represents the length of genetic divergence. Scale bar: the length
of genetic change or the unit of substitution per site.
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Figure 3. Comparison of the 9th chromosome of X. tropicalis with amniotes using
Genomicus database. The top rectangle represents the 9th chromosome of X. tropicalis and the
bottom represents a particular chromosome in amniotes. Colored pentagons indicate genes on
each chromosome. CPO.3 was the reference gene and is aligned by a vertical line and is
surrounded by neighbouring genes with different colours. Orthologous genes have the same
colors on both chromosomes. Genes that are shaded in light purple are not orthologous to any
gene from the species.
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3. Difference between Xenopus tropicalis CPO and human CPO proteins
The four predicted CPO proteins studied from X. tropicalis contain two major differences
to human CPO. First, in contrast to human CPO, the predicted proteins of X. tropicalis are
predicted to have a prodomain (Fig. 4). This data was obtained from NCBI and a program from
the EBI website called Interpro. Secondly, most of the predicted CPO proteins from X. tropicalis
are predicted to have a different amino acid in their substrate-binding pocket (the amino acid
which determines the substrate specificity of a protein) than human CPO (Fig. 4). CPO.1 is the
only protein from X. tropicalis that is predicted to have the same amino acid, arginine, in its
substrate-binding pocket as human CPO, while CPO.2 is predicted to have glycine, CPO.3
glutamine, and CPO.4 cysteine. However, these predicted proteins have some similarities with
human CPO because all of them have an ER signal peptide which means that they most likely go
through the secretory pathway and CPO.1, CPO.3 & CPO.4 are predicted to have a GPI signal
peptide (Table 3).
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Figure 4. Alignment of comparing the four CPO predicted proteins from X. tropicalis to
bovine CPA1 and human CPO using Jalview. The gray rectangle represents the ER signal peptide of
each protein. The purple rectangles represent the prodomain. The green oval highlights the amino acid
that determines the substrate specificities of each protein. The yellow shaded boxes are amino acids
that are associated with the cleavage site involving arginine and lysine which could be cleaved to
release the prodomain and the yellow unshaded boxes represent the GPI signal peptide.
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Table 3. Xenopus tropicalis CPO comparison to human CPO.
Protein Names

ER Signal1

Prodomain2 GPI Anchored3

Molecular Weight
(Kilodaltons)4

CPO.1

99.7%

Yes

Probable

51.9 Kd

CPO.2

92.02%

Yes

Not GPI Anchored

52.5 Kd

CPO.3

98.36%

Yes

Probable

52.4 Kd

CPO.4

95.59%

Yes

Highly probable

52.7 Kd

Human CPO

93.41%

No

Highly probable

42.5 Kd

1)

ER signal data was obtained by using the website SignalP-5.0. Probabiblity of ER signal was display in
percentage (%) out of 100.

2)

The prodomain of each sequence was obtained through the NCBI website and Interpro program.

3)

The GPI anchor/GPI signal peptide of each protein was predicted by using the program the PredGpI website.

4)

The molecular weight of each protein was obtained using the website called Expasy.

4. Expression of CPO from Xenopus tropicalis
The CPO genes were inserted into pTwist plasmids and DH5α competent cells were
transformed with the recombinant plasmids. The concentration of each plasmid sample was
determined through agarose gel electrophoresis and spectrophotometry. The plasmids were
transfected into HEK293T as well as plasmids with human CPO and hCPA6-HA (positive
control) and cellular proteins harvested using cold lysis buffer.
To determine the concentration of proteins in cell extracts the Bradford assay was
performed. An equation was obtained (y=0.0006x + 0.54) from the standard curve and was used
to determine the concentration of each protein sample (Fig. 5).
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Figure 5. Standard curve used to quantify protein present in cell extracts using the
Bradford assay. The x-axis represents the concentration of the protein and the y-axis the
absorbance of the protein at 595 nm.

An equivalent of 8,677.5 ng of each harvested protein extract and 20 μl of transfectedcell media from CPO.1, CPO.2, CPO.3, and CPO.4 were used to perform western blotting. The
cell media was used because CPO.2 protein was predicted to not have a GPI signal peptide and
thus may be secreted from cells when translated. The result of the western blotting showed that
all X. tropicalis CPO plasmids were translated to products of around 50 Kd (kilodaltons) in size
with CPO.1-transfected cells producing the greatest amount of protein (Fig. 6a). CPO.2 cell
extracts had the least amount of protein translated and contained a protein similar in size to a
protein found in CPO.3 extracts. Three CPO proteins (CPO.1, CPO.2, and CPO.3) did not fully
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migrate on the gel during the process of gel electrophoresis, but rather a large portion of these
proteins remained as large-molecular-weight complexes at the top of the gel. This event is most
likely due to misfolded proteins aggregated during translation. With the exception of CPO.1
cell-free media did not contain proteins that reacted with the primary antibody. The presence of a
faint band of 50 Kd in the media of CPO.1 transfected cells is most likely due to experimental
error because the media was not centrifuged to remove the cells from the media before the
western blotting procedure. Serum albumin was also detected in the media and was around 60 to
70 Kd. This was not surprising because the media that was used during transfection contained
10% of fetal bovine serum which has bovine serum albumin as its major component. Ponceau
staining of the nitrocellulose membrane was done to confirm that the protein loaded in each lane
had a similar concentration (fig. 6b).
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A)

B)

Figure 6. Western blotting analysis of X. tropicalis CPO gene expression in HEK293T
cells . A) Equal quantities of cell extract or cell-free media were loaded in each lane. – control:
non-transfected HEK293T cells B) Ponceau staining showing amounts of protein present on the
nitrocellulose membrane.
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5. Trypsin digest and western blotting
For the CPO proteins from X. tropicalis to be enzymatically active, the prodomain of the
protein has to be cleaved. Without the prodomain and the GPI anchor, most of the proteins are
predicted to have a molecular mass of 37 Kd. After the secretion of procarboxypeptidases from
the pancreas, the enzymes are acted upon by trypsin to remove the prodomain by cleaving at
lysine and arginine residues. Based on this knowledge, trypsin was chosen as the agent to cleave
the prodomain of each CPO protein to create conditions for enzyme activity. To analyze the
effect of trypsin on the protein samples, western blotting was done using 100 μl protein samples
treated with 2 μl of trypsin solution (7mg/ml) for 2 to 10 minutes. It was found that most CPO.1
protein was cleaved resulting in 2 products of 20 and 25 Kd in size which are smaller than the
expected size of 37 Kd. Some of the CPO.1 protein in both treated and untreated samples did not
migrate on the polyacrylamide gel but remained at the top of the gel as aggregates during the
process of gel electrophoresis (Fig. 7). CPO.2 protein was not detected. Some of the CPO.3
protein from both the treated and untreated samples were detected on top of the gel as aggregates
and did not migrate during the process of gel electrophoresis. The samples of CPO.3 and CPO.4
which were treated with trypsin were fully digested or resulted in products that were not present
on the blot. The harvested protein samples of CPO.4 which were treated with trypsin were not
detectable because the proteins were fully digested, but the protein sample which was untreated
with trypsin was detected and had a molecular mass around 50 Kd.
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Figure 7. Western blotting analysis of cell extracts from CPO gene-transfected
HEK293T cells treated with trypsin for 2 or 10 minutes or left untreated.

Protein extracts containing CPO.1 and CPO.4 were treated for 2 or 10 minutes with 2 μl
of trypsin solution that was diluted 1:100. When western blotting was done on the samples, it
was found that most of the protein samples of CPO.1 had the same molecular weight as the
sample which was not treated with trypsin, although some of the CPO.1 proteins were cleaved to
products of 37 Kd in size, particularly after 40 to 80 minutes (results not shown). CPO.4 protein
size did not change with trypsin treatment for these same time intervals.
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CPO.1, CPO.3, and CPO.4 protein samples were treated at various time intervals with 2
μl of trypsin solution that was diluted by 1:10. Western blotting results showed that trypsintreated CPO.1 protein samples had proteins of around 37 Kd and 20-30 Kd in addition to
proteins that did not migrate in the polyacrylamide gel (Fig. 8a). Trypsin-treated CPO.3 protein
had faint bands around 37 Kd and 50 Kd in size, but most of the protein did not migrate on the
polyacrylamide gel (Fig. 8b). All proteins in the CPO.4 sample migrated in the polyacrylamide
gel and with trypsin-treated cell extracts containing faint protein bands at 37 and 50 Kd (Fig. 8c).

Figure 8. Western blotting analysis of CPO.1 (A), CPO.3 (B) and CPO.4 (C) gene-transfected
HEK293T cell extracts treated with 1:10 diluted trypsin for various time intervals ranging from 0 to 60
minutes (“0” samples were not treated with trypsin).
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6. Enzyme Assays
Carboxypeptidase assays were performed with CPO.1, CPO.3, and CPO.4 -transfected
cell extracts that contained 1:10 diluted trypsin and 100 μl of 0.5 mM substrates consisting of
furacryoloyl (FA) attached to various dipeptides such as glutamate-glutamate (EE),
phenylalanine-phenylalanine (FF), and phenylalanine-alanine (FA). The assay measured the
decrease in absorbance at 340 nm for 30 minutes at 37°C. An independent samples t-test was
done to compare the enzyme activity of CPO-transfected cell extracts, with the negative control
for each substrate (Fig. 9, 10, & 11). For all 3 cell extracts with all 3 substrates the negative
controls did not differ from the CPO-containing sample.
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Figure 9. CPO.1 enzyme activity with various substrates. CPO.1 enzyme activity was
measured in decrease of absorbance at 340 nm using various substrates such as, FA-EE, FA-FA,
and FA-FF. Error bars indicate standard deviation. Each bar graph indicates the mean of 3
replicates and the negative control consist of untrasfected CPO extracts with diluted trypsin.
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Figure 10. CPO.3 enzyme activity with various substrates. CPO.3 enzyme activity was
measured in decrease of absorbance at 340 nm using various substrates such as, FA-EE, FA-FA,
and FA-FF. Error bars indicate standard deviation. Each bar graph indicates the mean of 3
replicates and the negative control consist of untrasfected CPO extracts with diluted trypsin.
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Figure 11. CPO.4 enzyme activity with various substrates. CPO.4 enzyme activity
was measured at a decrease of 340 nm using various substrates such as, FA-EE, FA-FA, and
FA-FF. Error bars indicate standard deviation. Each bar graph indicates the mean of 3
replicates and the negative control consist of untrasfected CPO extracts with diluted trypsin.
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7. Subcellular localization of Xenopus tropicalis CPO
To determine the subcellular localization of the four predicted CPO proteins from X.
tropicalis, HEK293T cells were transfected with X. tropicalis CPO plasmids for 15 hours (1st
trial) and for 26 hours (2nd trial). Immunofluorescence microscopy analysis showed that CPO.1
and CPO.4 were distributed in reticular patterns or a fine meshlike structure and sometimes
contained circular structures that resembled lipid droplets around and on top of the nuclear
envelope (Fig. 12). CPO.2 had the weakest staining consistent with low gene expression as
confirmed by western blotting. The distribution of this faint staining was similar to that observed
with CPO.1 and CPO.4. CPO.3 was distributed in the most uniform pattern of the four proteins
without the circles that resembled lipid droplets.

Human CPO protein has been studied and is localized in the cytoplasm of the cells and
has been found to be associated with lipid droplet formation in the endoplasmic reticulum (Burke
et al., 2018). Human CPO plasmids were cotransfected with X. tropicalis CPO plasmids to allow
a direct comparison between human and Xenopus CPO proteins. CPO.1 and CPO.4 had a similar
distribution as human CPO in these cotransfected cells. However, CPO.3 had a different
distribution pattern than human CPO, because it was distributed uniformly and did not contain
circles that resembled lipid droplets around its nuclear envelope (Fig. 13). CPO.2 was not
detectable from the sample that was transfected with human CPO plasmid and X. tropicalis
plasmids.
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Figure 12. Immunofluorescence images of cells transfected with X. tropicalis CPO
plasmids. HEK293T cells were transiently transfected with X. tropicalis plasmids and
immunostained with mouse HA-tag (6E2) as primary antibody and anti-mouse Alexa
fluorophore 488 as secondary antibody Green: X. tropicalis CPO protein. Blue: nuclear staining.
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Figure 13. Immunofluorescence images of cells that were cotransfected with X. tropicalis CPO and
human CPO plasmids. Cells were immunostained with RP3-CPO and mouse HA-tag (6E2) as primary
antibodies, and anti-rabbit Alexa fluorophore 555 as well as anti-mouse Alexa fluorophore 488 as secondary
antibodies. Green: X. tropicalis CPO. Red: human CPO. Blue: nuclear staining
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The procedure for immunocytochemistry was done a second time using additional
HEK293T cell samples that were transfected with X. tropicalis CPO and human CPO plasmids.
In contrast to the previous finding, it was found that CPO.3 was distributed in circles that
resembled lipid droplets surrounding its nuclear envelope. CPO.1 did not have any of these
circles and human CPO had fewer of these circles. Also, the X. tropicalis CPOs were distributed
uniformly in a netlike structure (Figs. 14 & 15).
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Figure 14. Second trial of immunofluorescence images of HEK293T cells transfected with X.
tropicalis CPO plasmids. Cells were immunostained with mouse HA-tag (6E2) as primary antibody
and anti-mouse Alexa fluorophore 488 as secondary antibody.
Blue: nuclear staining.
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Green: X. tropicalis CPO protein.

Figure 15. Second trial of immunofluorescence images of cells that were cotransfected with X.
tropicalis CPO and human CPO plasmids. Cells were immunostained with RP3-CPO and mouse HA-tag
(6E2) as primary antibodies, and anti-rabbit Alexa fluorophore 555 as well as anti-mouse Alexa fluorophore
488 as secondary antibodies. Green: X. tropicalis CPO. Red: human CPO. Blue: nuclear staining

46

CHAPTER 4

DISCUSSION

1. Carboxypeptidase O and cause of gene duplication
Carboxypeptidase O is an enzyme that is found in the brush border of the intestine and is
predicted or demonstrated to be in most vertebrate organisms (Lyons & Fricker, 2011). Recently,
the genes that code for this enzyme have been found in four copies in the tropical clawed frog
(Xenopus tropicalis) and are noted as CPO.1, CPO.2, CPO.3, and CPO.4. These genes are found
on the 9th chromosome of the organism and are likely to arise due to unequal crossing over
because they have been found on the same chromosome. This species is not the only organism
from the genus Xenopus to have four CPO genes because Xenopus laevis (African clawed frog)
has four copies of the same CPO genes on chromosome 9_10L that are noted as CPO.1L,
CPO.2L, CPO.3L, and CPO.4L.
The identical CPO genes found on the same chromosome of X. tropicalis and X. laevis is
consistent with the assumption that X. tropicalis and X. laevis share a common ancestry and the
latter species might have arisen due to allotetraploidization (Session et al., 2016). They are also
named based on their identities to the first 8 chromosomes in X. tropicalis. Each of the first 8 sets
of chromosomes contain 2 longer (L) and 2 shorter (S) chromosomes, as in 5L and 5S (Session et
al., 2016). The chromosome of the X. laevis (9L, 9S, 9_10L, and 9_10S) are a result of a fusion
between the 9th and 10th chromosomes of X. tropicalis which involves intrachromosomal
rearrangement (inversion) (Matsuda et al., 2015; Uno et al. 2013).
Gene duplication is the primary cause for the diversity and adaptation of enzymes (NodaGarcia & Barona-Gomez, 2013). A study was done on the cytosolic carboxypeptidase subfamily
of the metallocarboxypeptidases. It was found that these proteins could have possibly arisen due
to gene duplication and that they contain enzymatic activity (Rodriguez de la Vega et al., 2007).
In my research, it was found through phylogenetic analysis that the four CPO genes from X.
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tropicalis are derived from a common ancestry that is shared with human CPO. The duplication
of CPO genes in the tropical clawed frog could have come about due to an adaptive response to
drastic changes in the environment. It has been reported that duplication of certain genes has
occurred due to increasing levels of salinity, heavy metal, and heat, as well as low nutrients
(Kondrashov, 2012). For example, in yeast, it has been found that in an environment of low
glucose, the presence of hexose transporter paralogues such as HXT6 and HXT7 increase the
rate of glucose transport into the cells (Kondrashov, 2012). The multiple genes in X. tropicalis
could also be explained by the enzyme adaptive conflict model (EAC) (Storz, 2009). This model
suggests that closely related enzymes are derived from a single enzyme that performed various
subfunctions which later gained mutations that allowed it to have increased activity in a certain
subfunction while compromising other subfunctions. To resolve this issue, the enzyme
underwent duplication to give rise to nascent enzymes that can perform or have activity toward a
particular substrate (Storz, 2009). For example, the dihydroflavonol-4-reductase (DFR) gene is
important for the production of red, blue, and purple flower petals of morning glories (Storz,
2009). Multiple morning glories have three copies of DFR (DFR-A, DFR-B and -DFRC) while
others have one. Reseachers have shown through phylogenetic analysis that a duplication event
gave rise to DFR-B and prototype of DFR-A/C. DFR-B further evolved to obtain enhanced
activity and -A/C evolved into DFR-A and C to obtain functional specialization which was
determined by the substituion of the amino acids (Storz, 2009). It could be quite possible that an
ancestral CPO enzyme was able to interact with various substrates. The gene which produced
this enzyme could have diverged through gene duplication, giving rise to multiple enzymes with
mutations that allow each enzyme to interact with a particular substrate.

2. Evaluation of Western blotting analysis and proteolytic processing of Xenopus
tropicalis CPO proteins
Western blotting analysis has shown that all four CPO genes were translated into protein
and were around the expected molecular weight of 50 Kd. Proteins from CPO.1, CPO.2, and
CPO.3 did not completely migrate during the process of gel electrophoresis. This could be due to
the aggregation of misfolded proteins and structural changes which result from improper folding
as seen in cystic fibrosis and Parkinson's disease, or the exposure of hydrophobic residues to
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nonpolar residues which result in protein aggregates as in the case of the formation of amyloid
plaque in Alzheimer diseases (Chaudhuri & Paul, 2006; Kim & Hecht, 2006).
Researchers have found that trypsin was able to activate members of the
metallocarboxypeptidase A/B subfamily such as CPA1 and CPB from their inactive to their
active forms by cleaving their prodomain (Ventura et al., 1999). Recently McDonald et al.
(2020) have found that trypsin was able to remove the prodomain of another member of the
metallocarboxypeptidase family found in yeast known as Ecm14 (extracellular mutant 14). To
find out if the four CPO proteins from X. tropicalis are activated upon trypsin treatment, trypsin
was chosen as the enzyme to cleave the prodomain of each protein to make them active. After
treating protein extracts containing CPO.1, CPO.3, and CPO.4 with trypsin, it was found
through western blotting that the resulting proteins were about 37 Kd. CPO.2 was not chosen
because it was not detected by western blotting with or without trypsin. Enzymatic assays were
performed with CPO.1, CPO.3, and CPO.4 but failed to demonstrate enzymatic activity with
tested substrates. This may be explained by the possibility that trypsin is cleaving the enzyme at
a location other than the prodomain resulting in a 37Kd product that is not the active domain.
During the 1960s, researchers found a family enzymes that are known to activate other
proteins in both eukaryotes and prokaryotes (Seidah, 2017). These enzymes are known as
proprotein convertases and mutation of the genes which code for these enzymes can lead to
phenotypic abnormalities such as obesity, handedness in dyslexia, and cardiovascular defects
(Turpeinen et al., 2013). Nelsen et al. (2005) have found that Xenopus encodes proprotein
convertases such as furin, PC4, and PC6 that are expressed throughout Xenopus development in
germ layers such as the ventral mesoderm and neural ectoderm, and structures such as the eye,
notochord, and pharyngeal arches as well as testicular germ cells and somatic cells. Most
proprotein convertases cleave the prodomain at positively charged residues within the motif
Arg/Lys-X(n)-(Arg/Lys  ) with X being any amino acid, n being any number from 0 to 6, the
arrow (  ) indicating the residue cleaved (Seidah, 2017). The prodomains of the CPO proteins
from X. tropicalis may have specificities for proprotein convertases and might be readily cleaved
by these enzymes. It is not certain where proprotein convertase would cleave the Xenopus
tropicalis proteins because they do not have the exact motifs as described previously. However,
some proprotein convertases cleave motifs other than the one described above. For example,
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MBTPS1 (Membrane-Bound Transcription Factor Protease, Site 1) cleaves after hydrophobic
amino acids from the motif of Arg/Lys-X-(hydrophobic)-X  (Turpeinen et al., 2013).

3. Prediction of substrate interactions
I found that, with the exception of CPO.1, the predicted CPO proteins from Xenopus
tropicalis have different amino acids in their substrate-binding pocket than human CPO. CPO.2
has glycine, CPO.3 glutamine, and CPO.4 cysteine. CPO.1 would most likely cleave or interact
with positively charged amino acids because this has been shown for human CPO which has
arginine in its substrate-binding pocket (Burke et al., 2018; Lyons & Fricker, 2011). Concerning
CPO.2, I would conclude that it would interact with nonpolar amino acids because it has glycine,
often classified as a nonpolar amino acid, in the substrate-binding pocket . However, I believe
that it could also react with various amino acids because glycine’s side chain is just one
hydrogen. The binding pocket of CPO.2 could be deeper than other enzymes that do not have
glycine as their side-chain but this depends on the amino acids that constitute the substratebinding pocket. For example, CPA1 and CPA2 have the same amino acid (isoleucine) in their
substrate-binding pocket, but CPA2 prefers bulky and large nonpolar amino acids while CPA1
prefers smaller nonpolar amino acids due to the different three-dimensional structures of the
active site as well as differences in amino acid residues at other positions (Faming et al., 1991).
Glutamine was predicted to be in the substrate-binding pocket of CPO.3. Glutamine sometimes
is classified as a polar amino acid due to its amide side chain and I believe would probably
interact with other polar amino acids through the formation of hydrogen bonds. Lastly, I would
also conclude that CPO.4 would interact with other nonpolar amino acids because cysteine is
nonpolar (Misseta, 2000).
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4. Analysis of Xenopus tropicalis protein distribution
Human CPO proteins were found to be localized in the ER, and the apical membrane of
intestinal epithelial cells (Burke et al., 2018; Lyons & Fricker, 2011). Interestingly, this protein
was also distributed in a punctate pattern on the surface of lipid droplets in the cytoplasm and on
the nuclear envelope (Burke et al., 2018). Immunocytochemistry of CPO.1, 3, and 4 on average
were seen in patterns that resembled both those proteins that are found in the endoplasmic
reticulum as well as localized lipid droplets. While at times, they were found in bright puncta or
aggregate, suggestive of lipid droplets, or were not seen every time which was likely due to
differences in expression. Researchers (Burke et al. 2018) have previously reported that
expression levels influence the distribution of CPO.
There are some differences in regard to both trials of immunocytochemisty. For example,
CPO.1 and CPO.4 had more lipid droplets in the first trial of immunocytochemitsty and their
distributions resembled human CPO. While on the second trial, CPO.3 and CPO.4 had more lipid
droplets than CPO.1. The differences in lipid droplets might be due to a lesser number of CPO
plasmids transfected in the cells during the second trial of immunocytochemistry, as well as
errors in immunofluorescent microscopy. Therefore, more experiment trials should be done to
limit experimental errors and to confirm that the data is accurate.

5. Conclusion
In conclusion, the four CPO genes from Xenopus tropicalis are predicted to have proteins
that have major differences from human CPO because they contain a prodomain, and most of
them are predicted to have different substrate specificities than human CPO. All of the four CPO
genes were found to be translated into protein through western blotting analysis. Some of the
Xenopus tropicalis CPO proteins were found to have similar distribution as human CPO and
contain patterns of broad ER staining. However, there were differences in the level of expression
in regard to lipid droplets and more research needs to be done to conclude the pattern of
distributions of X. tropicalis CPO. Lastly, it can be concluded that no enzyme activity was
detected for the four CPO proteins from X. tropicalis. This could be because trypsin is not the
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proper enzyme to cleave the prodomain. The harvested cell extracts from Xenopus tropicalis
should be treated with a proprotein convertase enzyme such as furin or PCSK1 (proprotein
convertase 1).
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Appendix A
The sequences that were sent to BioTwist Science and inserted into the
pTwist plasmids. The sequence encoding the HA-tag is bolded, while the start and stop codons
are underlined.
cpo.1_cloning
GAATTCTAAGGATGAAGCGCATACTTCTCTGCATTTGTATTTTAGGCATTCTAACACAGGTTGGGGCATACTTAAAG
GTCCAGTACAATGGAGATCAGGTTTTGAAGCTCACCCTGAAAACAACAGATGACTGTGAGCACATGCAAAATATCTG
CAAACAACTCCAGCTTGATCTATGGAAGCCAAGCAGAATAGAAGATATTCAACCTGGGAAAGAAATGCATGTTCGAA
TACCTTTTCCACTTCTTCAAAAATTCAAAGAGAACCTTCATCAATATTCTATTCCATTCGAAGTCATGATAAAAGAT
GTACAAAAACTTATAGACAGCAGCAATGTGGGTGACTACAGAAGACAGAAAAAAATATTGGCTGAATTTGATTATAC
CACATATCACCCCATGGATGAGATTTATCAGTGGATGGATCAAGTTAAAGAGGCATATAGTGACCTGGTTTCTATGC
ATTACCTAGGATCAACATATGAGCTAAGGCCTATTTACTATTTCAAAATTGGCTGGCCTTCTGACAAACAGAAGAAG
ATCATTTGGATGGACTGTGGGATACATGCTCGTGAATGGATTGCCGTTGCCTATTGCCAATGGTTTGTTAAAGAGAT
TCTTGAAACTCACAAGACAAATCCTTTGCTCCAGAAAGTACTCCATAACATAGACTTCTATATTGTACCTGTCCTAA
ATATTGATGGATTTGTTTATTCCTGGAATGTGAATCGTCTTTGGCGAAAATCGCGGTCTCCTCATAACAATGGATCC
TGCTACGGGGTGGACCTTAATCGAAATTTTAATTCAAAATGGGGCAGTATTGGCGCATCTAACAATTGTAGAGATGA
AACATACTGCGGAACTGGACCTGCATCTGAACCAGAAGTTAATGCTGTATCTAAGCTGCTGGGGAGTCTTAAATCTG
ATGTTTTGTGTTTCCTAACAATTCATTCCTATGGTCAACTTCTTCTTCTGCCCTATGGTTATACAAAGGATCCTTCT
ATAAATCATGAAGAGATGATAAATGTTGCTCAGAAGGCTGCTGCAAAACTCCAAGAGAAGCATGGCACCGAGTACAG
AGTTGGATCTACATCACACTTACTATATAGCAATTCTGGGTCATCTCGAGACTGGGCCACAGATCTAGGAATTAATT
TTTCCTATACATTTGAGCTGAGAGACACTGGTGCACATGGATTTATACTTCCTGCGAATCAGATCAGACCTACTTGT
GAAGAAACCATGGCTGGAGTAATGACCATTGTTGAACATGTTGATGCATACCCATACGATGTTCCAGATTACGCTAA
GTTCTTTAACAGTGCTATAAGCATTTTCTCTTCCAATCTTGTGAGTCTGTCTCTCATCATTGGTCTTTATTATGCAA
TATTTTAAGCTT
cpo.2_cloning
GAATTCTAAAAGATGATTTTTTTACTCGGGACAATCTTCCTTCTTGGAGTTCAAGTGTATGAGGGATCTTGTTTAAC
AGTTCAGTACAATGGAGATAATGTGTTTAAAATCACTCCAGAGACATCAGAACATGCACAATATCTGCAAACTTTGG
CAAATGAATGGCTGCTTGACCTCTGGAGGCCACAAACAGTTGAGCAGATCCATGAAGGAAGCGATATTCATGTACAA
ATCCCATTTGCTTACATGGAACAGATGAAGCAAAAACTTCTTCAGCATTCTATTCCTTATGAGGTCCTTATAAATGA
TGTTCAGAAACTTATAGACAGCAATACCGTGAGTGCACCCAAAATCCAAAAAGCATCCTTAGAAAATTATGACTATA
CTAAATATCACCCAATGGATGAGATTTATAACTGGATGGACCTGATGAAAGAAAAACACAGTGAAATTGTATCACAG
CATTATATTGGATGCACATATGAACTGCGACCAATGTACTATTTAAAAATTGGTTGGCCATCAGACAAGCAAAAGAA
AATTTTCTTCATAGACTGTGGATTTCATGCAAGAGAATGGATTTCTGTGGCATTTTGCCAGTGGTTTGTAAATGAGA
TTGTTTCACATTACAAAACAGATGCCATACTGGCCAATGTCCTCAAGCAAGTAGACTTTTATGTGTTACCAGTGATG
AATATTGATGGATATGTTTACACCTGGACAACGAACCGTTTGTGGAGAAAGAATCGGTCTCCACATGAAAATGGGAC
TTGCTATGGAGTCGACCTAAACAGGAACTTTGACTCTCAATGGTGCTCTATTGGAGCTTCCAGGGACTGTAACAGCA
ATACATTTTGTGGTCCGGAGGCAGCATCTGAACCTGAAACCAAAGCATTGTCTGGTCTTATTGAAAAGACGAAATCT
GACATATTATGTTACCTCACCATTCATTCCTACGGGCAGATGATTCTACTTCCATACGGTTACAAGAAGGACCCTTC
CCCAAATCATGATGAAATGATGTTAGTTGCAAAGAATGCAGTAGCTAAAATGAAAGAAAAACATAACAATGAGTATG
AATATGAATCTTCAGCTGTTATATTGTATTATGATTCTGGATCTTCAGGGGACTGGACTGTTGAACTTGGAATACAA
TTATCATACACATTGGAACTTAGGGATAATGGCACCTATGGCTTTGTGCTCCCTCCTGATCAGATCAAGCCTACATG
TGAAGAAACTACTACTGCTGTTATGTCCATGGTTGAATATATAAATGAAGAATACCTTGAAAATAGTGGAGTGACAA
CGACTTCTTTTTGGCTAAATGTTTTTCTATCATTTACAGTTTGCATCTACTATGGCATAGCTAAATACCCATACGAT
GTTCCAGATTACGCTTAAGCTT
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cpo.3_cloning
CTCGAGCAAAATGCATCATCTCTGGATTGTCTGGACTTTTGGAACTCTGACTTTGCAGGTGTGTTGCACTGGAACAG
AGTATGATGGGGGCAACATTTTAGAGATTACCCCAGAAAGTGAGAAACAAGTGCAGTGCTTACAGAATATCCTTCAG
TCCTGGCTGCTAGATCTTTTGAAGCCTTTGCAGCCTGAAGACATCAATGTCAAGACTACAGTGCATGTCAGGATCCC
ATCCACTGCTTTACAGCTCGTGAAAGAGGACCTGCTTCATTGTTCACAATCTTTGGAAATTCTGACTGGCAATGTGA
AATACATAGAGGAAGACAAAATAGATACCAAAGAAACCAGGAAGACCATCAATGAATATAACTACACCACATATCAT
CCAATGAATGAGATTTATGACTGGATAAATGGCATAGCAAAAAAGCACAGTCAGTTTGTGACACAACATCTTTTGGG
TTTAACTTATGAGTCAAGACCGATGCAGTACCTAAAGATCAGTCAGCCGTCTGAAAATCATAAAAAGATTGTTTGGA
TAGATTGTGGAATCCATGCAAGGGAATGGATTGCGCCAGCATTCTGCCAATGGTTTGTGAAAGAGATTGTACAGAAT
TATCAAAATGATCAAAGGATTAGAAAAATCCTCCAGAATTTAGACATATACGTCTTGCCAGTTCTCAATATTGATGG
GTATATCTACTCGTGGACAAAAGAAAGGCTCTGGAGAAAAAATCGTTCTCAATATGGGAATGGAACCTGCTATGGAG
TGGACCTTAACCGCAACTTTAATGTATCATGGTGCACTCATAGATCATCCACAAATTGCAGTTCCAACTCCTTCTGT
GGAAGTTCACCTGTTTCAGAACCAGAGACCAGGGCAGTGGTAGAGTTTGTGGAAAGCAGAAAGGCAGATATTGTTTG
CTTCCTAACAATGCACTCATACAGCCAACTCATCCTGACTGCTTATGGATACTCTACAGGGCTATCAAGGAATTATA
ATGAAATATTCAAAGTAGCTGAAATGGCAGCATCAGCCATGGAAAAAATACATGGTACAAAGTACAGGGCTGGTCCA
TTTTCCAAACTCCTATATGAAGCTTCTGGAACATCCCAAGACTGGGTTCATGATCTAGGCATAGACTTCTCCTTCAC
CTTTGAACTGAGAGATAATGGTAGCCACAAGTTTACTTTGCCTGAGGACCAAATACAACCAACCTGTGAAGAGACTA
TGGCTGGTGTGATGACCATTATAGAATATGTCAATGAAAAATACTTTTACCCATACGATGTTCCAGATTACGCTCCA
AACAAGGCTTCGACCACTGTTTTTAATTGTTGGATAAATATCCTTATTTTCAACACATTTATGCAAGTTTCAGTTTT
ATTTTTCTAAGAATTC
cpo.4_cloning
CTCGAGAAACCATGAAGCTTTTCAACTTGTGGTTCTGTCTGCTGGGAATCCTAGTATATGAAGGATTCTGTATGAAG
GTGAAATATGATGGTGATCAGGTTTTAAAAATGATCCCTCAGACACTGAAACATGCCCAGTTTATGCAAGGCTTAAT
TCAGGAATGGATGCTTGATTTATGGAAACCAGTTATGGTGGAACAAATCCAAGCAGGAAGAGAGATGCATGTCCGGG
TACCATTTTCCCATCTGCAAGAAATAAAAGAGAAGCTTTTGCAAAACATGCTACCATATCAAATCCTAATCAGTGAT
GTGCAGGAACTGGTCAACAGGAATACACCAATTGAGACAAAAATGCAAAAAATATCATTGGACAATTACGATTATAC
TAAATATCATCCAATGGATGAGATATATGATTGGATGGAACAAATTCAGCTGAAACACAGGGACCTGGTAACAAAAC
ATTTTATGGGATCTACATATGAACTGCGGCCAATCTATTACTTTAAAATTGGATGGCCGTCAGACAAACCAAAGAAA
ATAATCTTCATGGACTGTGGAATCCATGCTAGAGAGTGGATTGCAGTTGCTTACTGTCAATGGTTTGTGAAAGAGAT
CCTTTCAAGCCACAGTAACAACAAATTACTAACCAATGTTCTCAAACAAGTAGACTTCTATGTAGTACCAGTGTTTA
ATATTGATGGATATATTTACTCCTGGACAACAGAGCGCCTGTGGAGAAAAAATCGCTCACCACATAATAATGCCACA
TGCTATGGAGTGGACCTGAATCGTAACTTTAACTCATCATGGTGCAGTGTTGGTGCTTCCAGAGATTGCAATTCCCA
AACTTTCTGTGGCTCAGCCCCTGCTTCAGAACCTGAGACTCAGGCAGTTGCCAATCTTATGGAAAGAACAAAATCTC
AAATTCTTTTCTATCTTACCATTCACTCCTATGGACAATATATTCTCCTTCCTTATGGTTCCACAACAAATCCTTCA
GTAAACCATGTGGAAATGACAAAAGTTGCAGAAGCCGCTGCTGCTAAAATGAAGGAAAAACATAACATCGTGTACAC
AGTGGGCTCATCATCTGTCGTATTGTATGAAAACTCAGGATCCTCATGTGACTGGGCTGGTGATATTGGAATAAAAT
TCTCTTACACCTTTGAACTGAGAGACAATGGCACATATGGTTTTCAGCTTCCAGCTGAACTGATAAAGCCTACTTGT
GAAGAGACAATGACTGCAGTAATATCTATGATGGAGTATGCCAACGAAAAATACCCATACGATGTTCCAGATTACGC
TTACCTTGAGAATAGTGCAAAAACTGTGACTTTTATGTGGCTAAATGTGCTTCTTTCTTGTGCTGTTTGCATGTATT
ATGCATTACTGCATTAAGAATTC
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Appendix B
Maps for plasmids containing Xenopus tropicalis CPO cDNAs (Twist Bioscience). The plasmids
contain a neomycin/kanamycin-resistance gene as well as an ampicillin-resistance gene. Each
CPO cDNA insert is located between the NotI and HindIII restriction sites on the plasmid map.
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